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I 
With multiparous mammals a particular relationship exists between the 
mean weight (W) of litters of young of number N  and the number in the 
litter  (Enzmann and  Crozier,  1934-35;  Crozier and Enzmann,  1935-36). 
The data on various animals obey sufficiently well the equation 
W  m  aNK,  (1) 
so that on a double log grid the values of W and N adhere to a straight line 
with slope =  K; a  =  the ideal weight of a litter of 1 individual.  The con- 
stant K  is nonspecific. 
The use of equation (1)  demands homogeneous data.  Its applicability 
is easily obscured by genetic heterogeneity of the assemblage of breeding 
animals,  and by  such factors as litter order.  Thus, if the latter is  not 
controlled in an otherwise homogeneous lot, larger litters will tend to be 
borne by older, heavier animals which have already carried young, so that 
in a large (and in this respect sufficiently non-homogeneous) series equation 
(1)  may still be followed but with a  larger value of the exponent K.  An 
illustrative case is given in Fig. 1. 
In  reasonably homogeneous series  K  is  apparently  constant with  the 
value 0.83,  as  obtained with different races  of mice,  rats,  rabbits,  pigs. 
Its nonspecific invariance has been interpreted as due to phenomena con- 
sequent upon the partitioning of nourishment among the developing young 
in a litter.  Thus it is sufficient to consider that each increment of 1 in a 
litter is responsible for a constant fractional increase in the material supplied 
to the young by the mother, and that  (on the average)  this material is 
evenly partitioned among the young.  This should be most simple to test 
in a  mammal giving no relationship of litter size to period of gestation. 
It is nicely confirmed by the changes in weight during the nursing period, 
as related to the time course of milk supply by the mother, in litters of 
various sizes  (Crozier and Enzmann, 1935-36).  The interpretation of K 
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as an index of partition thus suggests that so long as the genetic nature of 
mother  and  young is  substantially  the  same,  the  constant  K  should be 
nonspecific. 
It was pointed out,  however  (Crozier  and  Enzmann,  1935-36),  that  if 
litters  were  to  be  formed  containing several  kinds of young differing in 
capacity for growth, then this conception of the r61e of the partitioning of 
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FIG. 1.  Mean litter weights W, as a function of number/Y in the litter, gray Norway 
rat from data of King (1935) ; 6,295 unsuckled young in generations 8 to 26, mothers of 
various ages.  The line gives an exponent  = 0.93; see text. 
nutriment  could  be  tested  experimentally.  Its  importance  for  certain 
aspects of the theory of growth made it desirable to undertake such a test. 
The nature of equation  (1)  and of the constants a  and K  brings it about 
that it is also possible to make several predictions with reference to genetic 
studies upon birth weights (Crozier and Enzmann,  1935-36),  which can in 
part be tested. 
Equation (1) is of the form utilized by Robb (1929), Huxley (1932), Teissier  (1934), 
and others in their studies of relative growth.  It has been employed among other things w.  J.  CROZIER  311 
for the correlation Of the linear dimensions  and of the weights of parts.  It is doubtful 
if the theory underlying its use really makes these varied applications properly con- 
gruous (of., e.g., reviews in Brody, Davis, and Ragsdale, 1937; Glaser, 1938).  For data 
on the relative sizes or weights of parts of an organism at different times, Huxley and 
Teissier (1936) have suggested  that the equation for relative growth (allometry) be used 
with an agreed-upon uniformity of symbols, y ffi bx  a, to avoid confusion.  Since  we are 
here dealing with a distinctly different sort of situation, involving weight after a fixed 
growth time as a function of number in a litter, it seems  desirable  to retain the terminology 
used in the earlier papers. 
It is possible to show that for situations of this kind the common  occurrence  of power 
function relationships with fractional exponents  may be expected on purely dimensional 
grounds (Crozier and Holway, 1939-40).I  This of course tells nothing about the mecha- 
nism whereby they arise in particular instances.  In any case, an experimental test of 
the physicalproperties of the exponent K is required before the equation can be regarded 
as used in a significant  analytical way. 
II 
To establish litters containing two sorts of young having distinct growth 
potentials we have proceeded by. crossing our inbred  albino  mice  to  an 
anemic  (dwarf)  strain.  By inbreeding Fl's,  and by backcrossing,  it was 
hoped to obtain litters of different numbers and in each number-class a 
diversity of proportions of dwarf to normal young.  For various reasons it 
was not practicable to complete the somewhat extensive program originally 
contemplated.  The data do, however, test the main points already out- 
lined. 
The albino  stock (AA)  was the same as that which we have used pre- 
viously  (Crozier  and  Enzmann,  1935-36).  The  anemic  stock  (aa)  (cf. 
Mixter and Hunt,  1933) is one characterized by having the young tem- 
porarily defective in hemoglobin and in erythrocytes at birth, and weighing 
distinctly less  than  do  the  young of ordinary mice;  they are  lighter in 
color  (bluish pink).  The defect is less apparent after age  10  days, may 
disappear at about 2 weeks, and the adults are of ordinary size and weight. 
The anemic defect is probably due to a recessive.  We found considerable 
difficulty in maintaining a pure aa stock.  I am indebted to Dr. G. Pincus, 
Mr. J. Berkman, and Miss Sheila Dehn (Mrs. M. P. Gilmore) for assistance 
in the course of the experiments. 
The relation between mean litter weight and number in litter is obtained 
from Table I for aa (anemic), and FI (Aa), and for AA  (non-anemic) from 
the preceding paper  (Crozier and Enzmann, 1935-36).  As Fig. 2  shows, 
the data are describable in each case as a parabola, W  =  aN  ~c in which K 
is sensibly the same while a  differs.  For aa and F1 mice the value of K  is 
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that already obtained (Crozier and Enzmann, 1935-36)  for various mam- 
mals,  0.83.  The value of a  or W1  (the ideal weight of a  litter of  1),  is 
characteristic of the stock; for F1 it is strictly intermediate between that 
for AA  and for aa: 
AA  W~  =  1.76 gin, 
Fx  =  1.67 
aa  ----- 1.52 
It is to be noted that if birth weights were to be compared simply on the 
basis of observed mean individual weight at birth, without regard to litter 
TABLE  I 
Weights of litters at birth, for first litters with various numbers of young, in an anemic 
strain (aa)  and for F1  (Aa) resulting from matings of anemic males with  albino (AA) 
mothers.  Numbers of litters given in parentheses.  S.D. of  mean W  is 0.1  to 0.3 gin. 
~1  ** 0.04 to 0.16 gin. for the individual weights.  See Fig. 2. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Wrap gin. 
Anemic (aa) 
3.81  (1) 
4.96  (4) 
6.oo  (8) 
6.73  (22) 
7.99  (7) 
8.o8  (3) 
9.28  (3) 
Fl (.~o) 
2.86  (1) 
4.28  (2) 
5.33  (3) 
6.45  (6) 
7.42 (19) 
8.64 (21) 
9.54  (29) 
10.72  (25) 
11.83  (9) 
12.14  (4) 
13.45  (3) 
14.Ol  (1) 
15.94  (1) 
size,  a  different state of affairs could be claimed, suggesting "heterosis." 
This is due to the fact that the mean litter number and or for litter number 
are not the same for the three groups of mice (cf. Fig. 3) : 
AA--litter number median  =  6.5 -4- 1.5 
FI  --  7.4 -4- 1.2 
a.a  =  5.34-0.8 
For aa the median litter number is smallest, and the spread (P.E.1) is less. 
Median N  is greatest for F,, and its scatter is intermediate (Fig. 3).  Thus 
the  median litter  size  does  exhibit  "heterosis,"  although  the variability 
and the ideal weight of a litter of 1 (i.e.,  freed from the effects of growth w.  J.  crozier  313 
competition) are strictly intermediate between these properties of the two 
parent stocks.  These facts lead to the expectation that the analysis of the 
data  on  compound litters  (Section III)  may safely proceed in  terms of 
number and genetic type (.4a or aa). 
1.01-- 
)= 
o'~ 
,-q 
0.81~ 
0.61~  AA//  a/aa 
0.41-- 
°2l  1  1  1  1  L 
0.0  0.~-  0.4  0.5  0.8  1.0  1.2 
logN 
FIG.  2.  The  relation between W  and N  for albino (AA) and non-albino anemic 
(aa) mice, and for their F1 offspring, can be effectively described as parabolic, with the 
same exponent (0.83).  Data in Table I.  See text (AA data from Crozier and Enzmann, 
1935-36). 
The Aa litters and the AA are both carried by AA mothers.  The fact 
that intrauterine growth depends upon an interaction between mother and 
young makes it  probable  that  the development of litters  carried in  Aa 
mothers should be influenced by the properties of the mothers.  To test 
this we may examine data on backcross litters (Aa 9  ×  aac?)  containing 
no aa young (Table II).  The numbers are not large (76 litters in the first, 
81  in  the second).  They show, however, that Aa young in Aa mothers 314  BIRTH  WEIGHT AND  LITTER  SIZE 
are, litter for litter, heavier than Aa young in AA  mothers in litters of 6 or 
more.  This may, of course, be due to the fact that the F1 mothers  (Aa) 
are heavier than the AA.  The slope of the log plot of W  vs. N  for these 
all-Aa litters  (Fig.  4)  is definitely higher  than  for the F1 litters  (Fig.  2). 
This could be a consequence of intrauterine  elimination of some aa young. 
In that  case W1 would be higher  for the backcross Aa's,  about the same 
as for AA  young in AA  mothers, and less than for the Aa's.  Comparison 
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FIG. 3.  Summed frequency curves for observed occurrence of litters of N  in stocks 
of aa, AA, and Fx (aaC  X AA 9). 
TABLE  II 
Weights of litters (W) from aaC  X Aa ?, for litters containing  no anemic young at 
birth, all individuals being apparently Aa.  Number in litter =  N. 
N .....  3  4[5  6  7  8  ]9  [  10  ]  11 
W, gin.. 3.84(6) 5.42(4) 6.38(10) 7.71(27) 8.85(19) 10.10(15) 10.98(14) 12.60(2) 13.44(1) 
of Tables I and II shows that for litters of 6 or more at birth the backcross 
litters with no aa individuals consistently weigh a  little more than do the 
F1 litters of the same N; below N  =  6 the values of W  do not differ sig- 
nificantly.  This  suggests  that  for  the  larger  backcross litters  there  has 
been a  significant elimination of aa young during early development. 
III 
In  the  backcross litters  we have  varying  numbers,  and  for  each  N  a 
variety of proportions of aa to Aa.  The data are of course possibly com- w.  J.  CR0ZIE~  315 
plicated by the influence of "growth-influencing genes," as well as by the 
selective  elimination  of  young.  It  could  easily  be  considered  that  the 
anemic young should be at a disadvantage.  There is on the whole a slight 
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FIG. 4.  Relation between number in litter (N) and litter weight (IV) for backcross 
litters (aa  ×  Aa)  containing no anemic young at birth.  The slope gives K  =  0.95, 
higher than for homogeneous F1 litters; see text. 
TABLE IH 
Mean weights,  gin., of aa individuals  and of Aa individuals in backcross  litters of 
different sizes (N), when the aa and Aa are of equal numbers in the litter.  (For N  odd, 
correction has been used as described in the text.)  See Fig. 5. 
N  W,~  W,Aa 
2 
4 
5 
6 
7 
8 
9 
12 
0.72 
2.08 
2.56 
3.63 
3.90 
4.48 
4.73 
6.34 
1.20 
2.68 
2.98 
4.38 
4.43 
5.13 
4.93 
6.66 
deficiency in  anemic young.  Of  1,140 backcross  young,  223  were recog- 
nized as anemics,--a ratio of 1:4.11 rather than  1:3.0.  The effect should 
be more apparent with larger litters,  since in that  case competition with 
faster growing non-anemic littermates should be more severe.  The data 
show  that  both in  the backcross  generation  and  in  F~  the proportion of 316  BIRTH  WEIGHT  AND  LITTER  SIZE 
litters  exhibiting some aa  young increases steadily  with  the  size  of  the 
litter,  as it would be expected to  do on a  basis of chance; however, the 
ratio of aa/Aa  is not independent of litter size but falls as N  increases, 
both in backcross litters and in F~. 
We desire to know how the presence of Aa and aa young together in the 
same litter  affects the weights of each at  birth.  The  assumptions  con- 
nected with the use of the parabolic relation of W  to N  call for a  propor- 
tionately constant increase of nutriment from the mother for each increase 
of  1 in  the litter,  the partitioning of this material between mother and 
young, and among the young.  The simplest conditions for a test are thus 
given by litters in which there are equal numbers of anemics and of non- 
anemics  (Table  III).  Each  group  may be  taken  as one  growing mass, 
with the same number of growth centers in each case.  (For litters with N 
odd, correction has been made by adding to the weight of one group 0.5 
times the mean weight for its type and number, and subtracting the cor- 
responding quantity for the other group.  The slope of the line in Fig. 5 
is not affected if these cases are omitted.)  We therefore expect that the 
division of nutritive material will take place in such a way as to obey the 
partition rule.  Fig. 5 shows that this is the case.  For the various litter 
sizes log Wa  =  0.83 log W.  +  const., where the subscripts A  and a  refer 
to the phenotypes.  The slope constant 0.83 as drawn is identical with that 
for the relation between W  and N  in each of the pure types (section II). 
It follows that the ratio of the rates of increase in weight per unit increase 
of number in litter is directly proportional to the ratio of the weights: 
awa/dw= = o.s3 wa/wo. 
On general grounds it is reasonable to suppose that the supply of nutri- 
ment by the mother is a  function of the synthetic activity of the young, 
as well as of their number.  The analogy with milk secretion (Crozier and 
Enzmann, 1935-36) is confirmatory.  Consequently we should expect that 
with mixed litters, 50 per cent type a, the anemic half should tend to weigh 
more at  birth  than half  the weight of a  pure  anemic litter of the same 
number.  This is the case for N  >  5  (cf. Tables I  and III).  The inter- 
relations of weights of anemic and non-anemic young in litters of given N 
when the number of anemics increases, as discussed later, show that this 
relationship cannot be entirely, or perhaps not even primarily, due to the 
fact that the Ft mothers are a little heavier than either AA  or aa mothers. 
The relation is to a  fair approximation parabolic,  the increase of Wo per 
unit increase in N  being greater  the larger the number in the litter  (Fig. 
6), and in proportion  to the ratio of the weights.  Similarly, as N increases 
the weight of the 50 per cent non-anemics in these mixed litters increases a w.  j.  c~ozmR  317 
little faster than  the weight of one half  normal  non-anemic  Utters  of the 
same numbers, and than  (Fig. 7) the  weight of one half non-anemic  back- 
cross litters  (also in A a  mothers),  the  ratio of the  rates of increase being 
again directly proportional,  nearly enough, to the respective weights. 
The interpretation of such a  relationship on grounds other than of parti- 
tioning of nutriment in  proportion to number  and "drawing power" of the 
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FIG. 5. Relation between weights of aa and of Aa individuals in litters  of various 
sizes (N), when aa young constitute  N/2 of the individuals; see text; the slope (0.83) 
is the same as in Fig. 2. 
developing  young  appears  difficult.  On  the  other  hand  it  is  easily  ac- 
counted  for by that  conception.  With  it  additional  facts  are  fully con- 
sistent.  Litters  of 6,  7,  and  8  are  sufficiently  numerous  in  our  data  to 
permit  a  test  of  the  effect of  increasing  proportion  of  anemics  to  non- 
anemics.  As N  increases,  more  nourishment  is provided by  the mother; 
the call for foodstuffs is greater  with the non-anemic young, and the provi- 
sioning is greater;  but as the  proportion  of non-anemics  is found  greater 
the anemic young should get less and  less of it, on the partition  view.  We 
find that the mean weight of 1 anemic at birth in a litter  containing 6, 7, or 318  BIRTH  WEIGHT  AND  LITTER  SIZE 
8  young (the remainder  being non-anemic) is:  1.25 gm., 1.09 gm.,  1.21  gm. 
respectively, distinctly above the  corresponding mean weights for 1 anemic 
in pure  aa  litters  in  aa  mothers  (1.12,  1.14,  1.01  gm.).  The ratio  of the 
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FIG. 6.  Relation  between  weights  of aa  individuals  (constituting half  the  litter) 
in mixed and in pure aa litters; a given number of aa young, in the presence of the same 
number of Aa, tend to be heavier at birth than if (in an aa mother) they are accompanied 
by the same number of aa; the rate of increase in W per unit increase of N  is greater 
for aa in the mixed litters. 
FIc. 7.  The weights of a given number of Aa (non-anemic) young, constituting half a 
litter (in Aa mothers)  of which the other half is aa, are less, on the whole, than those of 
the same number of Aa young in pure (F1) litters,  but, number for number, these weights 
increase faster with N  than if the litters contain no aa individuals.  This is tested by 
plotting log W.~. for the non-anemic halves of mixed litters against log W~ for one half 
the litter when no anemic young appear, in the same backcross. 
mean birth weight of a  non-anemic in a  mixed  litter to that of an anemic 
increases  as  the proportion of anemics increases,  with/V constant: 
(Aal)/(aal)  for increasing numbers of aa: 
(1)  (2)  (3)  ,  •  (4)  (s) 
N  =  6  1.09  1.07  1.21  1.13 
N  =  7  1.10  1.13  I  1.16  1.16 
N  ~  8  1.02  1.17  1.08  [  1.14  1.18 w.  j.  CROZIER  319 
So  long  as  there  are  non-anemics  in  the  litter,  the  mean  weight  of  the 
anemics is above  that of the same number in a  litter  (of the same N) of 
pure  anemics.  This is due to the greater amount of material provided by 
the  mother  as  a  consequence of the  presence of the  faster-growing  non- 
anemics, which is shared in by the aa young.  On the other hand, the mean 
weights  of non-anemics  in the mixed litters  are  also  greater  than in pure 
litters  (Fx) of Aa, since a  larger proportion of the material is obtained by 
them, as already demonstrated.  In litters of 6, 7, and 8 the mean weight 
of 1 non-anemic  ranges from  1.22 to  1.46 gin.; in Fx Aa litters,  from 1.19 
to 1.24 gin. 
TABLE  IV 
Mean weight of 1 anemic (aa,) in litters  containing 1 or 2 anemics together with 2 
to  11  non-anemics. 
Non-anemics 
6 
7 
8 
9 
10 
11 
1 aa 
0.72 
0.90 
1.38 
1.25 
1.10 
1.19 
1.14 
0.89 
~I, Bin. 
2 aa 
1.17 
1.25 
1.12 
1.09 
1.14 
1.12 
1.15 
1.12 
This situation may be taken to provide a kind of model for the concep- 
tion  of heterosis  as  due  to  disharmony  in  development  (cf.  Crozier  and 
Pincus,  1931-32).  A mixed litter of anemics and non-anemics gives mean 
birth weights for each type which are on the whole above those encountered 
in unmixed litters, as an automatic consequence of the partitioning of food 
materials  between mother  and young. 
There  must  be limits  beyond which  this  effect is modified.  We have 
tabulated (Table IV) the mean weights of 1 and 2 anemics in mixed litters 
containing  various  numbers  of  non-anemics.  The  number  of  available 
cases is not large; however, the weight of 1 anemic does appear to go through 
a maximum as N  increases, as the foregoing analysis requires. 
SUMMARY 
For mice,  as for various other mammals,  the relation  between number 
N  of young in a  litter and the weight W  of the litter can be expressed as 320  BIRTH WEIGHT AND  LITTER SIZE 
W  =  aN x.  For adequately homogeneous data K has the nonspecific value 
0.83.  With data not homogeneous with respect to certain  conditions the 
equation may still be descriptive, but with K  higher than 0.83. 
Two kinds of mice obeying this  formulation,  with the  same K,  are  an 
albino strain  (AA) and a flex-tail foetal anemic (aa).  Their ideal  weights 
of a litter of 1 (WI, free from effects of intrauterine  competition) are quite 
different.  Their  F1  offspring  (from  AA  mothers)  give  WI  precisely 
intermediate. 
To test the partition theory for the basis of the parabolic equation, back- 
cross and F2 litters were obtained in which for a  span of litter  sizes there 
occurred various proportions of anemic to non-anemic young.  For equal 
numbers of e~/ch in the same litters the relation of weight of aa to weight 
of Aa young is again  described by Wa  =  aW~, and as  before K  =  0.83. 
Examination  of  the  weights  of  anemic  and  of  non-anemic  young,  for 
various proportions of the two in litters of different total numbers,  shows 
that  the  partition  theory  can  account  for a  number  of  the  curious  rela- 
tions,  including  the  fact that  aa young and A a  young if in mixed litters 
increase in weight more for an increment  of 1 in the litter  than  if in un- 
mixed litters  of the same N.  This  mechanical  result of partitioning  can 
be regarded as a kind of model for heterosis resulting from developmental 
disharmony. 
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